The rotational spectrum of the OBrO radical has been observed in the gas phase over the solid products of the OϩBr 2 reaction. Spectra have been measured for both O 79 BrO and O 81 BrO in their ͑000͒, ͑010͒, and ͑020͒ vibrational states in selected regions between 88 and 627 GHz spanning the quantum numbers 1рNр61 and 0рK a р14. The spectra are well described by a Hamiltonian which includes centrifugal distortion effects for fine and hyperfine terms. The molecular structure, the dipole moment, and the harmonic force field have been derived, and they, as well as fine and hyperfine structure constants, are compared with data of related molecules and electron spin resonance data from OBrO isolated in cryogenic salt matrices.
I. INTRODUCTION
Current photochemical models suggest that catalytic cycles involving bromine oxides may account for up to 40% of the total stratospheric ozone depletion. 1 The molecular properties and chemical reactions of the BrO x species included in these models are assumed to be similar to those of their ClO x analogs. While the chemical and spectroscopic properties of chlorine oxides have been studied quite extensively in recent years, bromine oxides have been less well characterized. 1, 2 The recent detection of OBrO in the Brsensitized photodecomposition of O 3 suggests the potential importance of this molecule in atmospheric reaction cycles. 3, 4 Although Schwarz and Schmeißer first obtained bromine dioxide almost 60 years ago from a Br 2 /O 2 discharge at low temperatures, 5 further studies were sparse until very recently. Electron spin resonance ͑ESR͒ studies on x-ray irradiated perbromates provided some insight into the fine and hyperfine structure. 6 Vibrational spectra were observed in Ar matrices. [7] [8] [9] A mass spectrometric investigation of the OϩBr 2 reaction system found evidence for a symmetric BrO 2 isomer, and from the comparison of electric focusing curves concluded that its dipole moment was similar to that of CH 2 Cl 2 , 1.6 D. 10 Very recently, a combined spectroscopic and ab initio analysis of the C 2 A 2 ←X 2 B 1 visible absorption spectrum has yielded data for vibrational bands in the ground and excited electronic states. 11 As part of a program to provide a millimeter and submillimeter spectral data base of molecules with potential importance for the upper atmosphere and to derive molecular properties which may influence their chemical behavior, we have studied several bromine-oxygen compounds. [12] [13] [14] [15] In a recent communication we gave a preliminary account of our investigations of the millimeter and submillimeter spectra of Br 2 O and OBrO.
14 These were the first high-resolution studies and structure determinations of polyatomic bromine oxides in the gas phase. In this article the spectra of two OBrO isotopomers in the ground state as well as the first and second excited bending states are described in detail together with the fitting procedure. The derived spectroscopic constants and molecular properties are discussed.
II. EXPERIMENT
The measurements were done using a 1 m long, 7.3 cm diameter, double-pass, temperature controlled glass cell. Phase-locked klystrons operating near 100 GHz were used as sources. Diode detectors were used for fundamental frequencies, and a liquid He-cooled InSb hot electron bolometer was used to detect harmonics. Further details of the spectrometer are given in Refs. 16 and 17 . The regions 405.0-422.0 and 423.9-426. 4 GHz were scanned in their entirety in order to facilitate the initial assignment process. Additional, selected measurements were made in the regions 398-432, 313-319, 88-96, and 626-627 GHz during the final stages of the analysis for the purpose of improving the precision of the derived molecular parameters.
The products of an O 2 discharge ͑ϳ60 Pa͒ and Br 2 ͑1-4 Pa͒ were introduced into the absorption cell (Tϳ250 K) via separate sidearm inlets under slow flow conditions. An unidentified bromine oxide was condensed on the cell walls. After the flows of O 2 and Br 2 were stopped, the solid produced a clean and stable source of gas phase OBrO. With well-conditioned cell walls spectra could be recorded for an amount of time that was comparable to the deposition time, up to several hours.
At low temperatures, ϳ255 K, and low pressures, ϳ0.1 Pa, essentially all of the absorptions could be assigned to OBrO. Very weak features of BrO 12 indicated only traces of this radical to be present. At higher temperatures, ϳ260-270 K, and with pumping speed adjusted to maintain pressures in the 0.5-2 Pa region the intensity of OBrO lines increased.
However, the intensity of BrO lines increased more rapidly, and lines of Br 2 O 15 were observed as well, as shown in Fig.  1 .
For dipole measurements of OBrO two Stark plates were mounted inside the absorption cell. These plates consisted of 0.953 m long, 54.8 mm wide, and 6.35 mm thick aluminum bars which were 25.4 mm apart.
III. RESULTS

A. Observed spectra and assignment
OBrO is a moderately asymmetric, prolate top ͑ ϭϪ0.8246͒ with its dipole moment along the b axis. Because of its C 2v symmetry, 2 B 1 electronic ground state, and I( 16 O)ϭ0, only rotational levels with K a ϩK c odd are allowed in the ground and totally symmetric vibrational states. The rotational, electron spin, and nuclear spin angular momenta are coupled in the following way:
NϩSϭJ, ͑1͒
JϩI Br ϭF. ͑2͒
Therefore the electron spin-rotation coupling splits rotational levels into two, and each sublevel is further divided into four because of the magnetic and quadrupole interactions of the Br nuclei ͓I( Initial simulations of the spectra were made using values for the electron spin-rotation, spin-spin, and nuclear quadrupole coupling constants derived from ESR measurements 6 and structural parameters ͑r 0 ϭ164.5 pm and ␣ 0 ϭ112.3°͒ and centrifugal distortion constants estimated from the related molecules OClO, 18 In the first spectra recorded near 410 GHz, the strongest transitions are R-branch lines (Nϩ1←N) with NϷ30 and K c between NϪ2 and N. These transitions have easily recognizable patterns for which all eight hyperfine components occur within 100 MHz. An example of one such group is shown in Fig. 2 . Transitions having a constant value of N ϪK c have characteristic spacings of ϳ2C for high N and K c ϷN, making the identification of a series of related transitions straightforward. Further assignments proceeded quickly from this point for both O 79 BrO and O 81 BrO. Eventually it was possible to assign rotational transitions for which hyperfine splittings of more than 1 GHz and fine structure splittings of up to 5 GHz were observed. Selected OBrO ground-state transitions are given in Table I . Statistical information describing the observed transitions is shown in Table II. A number of transitions for the v 2 ϭ1 vibrational state were identified based on the similarity of their patterns with those of the ground-state transitions, their relative intensity, and the consistency of the derived vibration-rotation interaction constants with those of OClO, 18 where H rot is a Watson S reduction of the rotational Hamiltonian in the I r representation which contains up to octic centrifugal distortion terms; H fs is a fine structure Hamiltonian describing the electron spin-rotation with up to sextic distortion terms; and H hfs is a hyperfine structure Hamiltonian which includes spin-spin coupling with quartic distortion terms, and nuclear quadrupole and nuclear spinrotation coupling. This Hamiltonian is similar to the one used for OClO, 19 however, additional distortion and nuclear spin-rotation coupling terms were required to fit the OBrO spectrum to within experimental uncertainties.
The quartic distortion terms for the A and S reduced Hamiltonians have been derived by Brown and Sears. 26 For an orthorhombic molecule such as OBrO, the terms in the S reduction and the representation I r are given by The corresponding reduced sextic Hamiltonian has not been derived, but the form of the quartic Hamiltonian suggests the following nine term expression may be appropriate:
The completeness of the above expression has not been addressed, but there appear to be no redundant terms. Since the data set does not contain enough information for the determination of all nine sextic spin-rotation constants, various combinations of operators in the sextic Hamiltonian were used in trial fits of the data. The best fit utilized the last four terms of Eq. ͑5͒. Predictions and fittings were done with Pickett's programs SPCAT and SPFIT. 27 The uncertainties attributed to individual transitions were in general one-tenth of the halfwidth; they were increased for lines with low signal-to-noise ratio or incompletely resolved lines. The uncertainties reflect a 2 confidence level. Completely blended lines were fit as the intensity weighted average of their components. All parameters are positively defined, except for D J , D JK , and
For the v 2 ϭ1 state, changes ⌬ 1 C from the ground-state constants C 0 were defined as
where C 1 designates v 2 ϭ1 spectroscopic constants. For the v 2 ϭ2 state changes from the ground state were in general assumed to be twice the value of those from the v 2 ϭ1 state. For some constants it was necessary to introduce second differences ⌬ 2 C which were defined as
where C 2 designates v 2 ϭ2 spectroscopic constants. The ͑000͒, ͑010͒, and ͑020͒ states for both isotopomers were fit simultaneously in a single calculation. Some high-order parameters were common to both isotopomers or to different vibrational states. The ratios of some higher-order hyperfine constants were fixed to the isotopic ratios determined for the Br nuclei in atomic beam experiments. 28 For the highestorder parameters, the present data justified using only a subset of the possible constants. In such cases, the choice of parameters may not be unique, but the effect on the lowerorder parameters and their interpretation is insignificant. The final spectroscopic constants are presented in Tables III-V , and derived parameters are given in Table VI . The magnitudes of the centrifugal distortion constants vary in a regular way appropriate to the powers of the angular momentum operators, and the consistency of the parameters between the two isotopomers is excellent.
C. Dipole moment
The Stark effect measurements have been made under weak field conditions using the shifts of the intensity weighted averages of the unresolved Stark components. The measured shifts were proportional to the square of the applied fields as long as the shifts of the individual Stark components were within a linewidth of the intensity weighted average. Depending on the individual line, the largest shifts used in the fits were between ϳ150 and ϳ350 kHz. 6, 9 are near-degenerate, their energy difference is Ϫ369 and 998 MHz for the JЈϭ13.5 and 14.5 fine structure components, respectively. Thus only up to ϳ60 and ϳ115 V cm Ϫ1 were needed in order to shift the individual hyperfine components up to ϳ350 kHz. Five hyperfine components could be used for the Stark measurements, all four in the case of JЈϭ13.5, only the FЈϭ13 component for JЈ ϭ14.5. The remaining components were overlapped by or too close to other strong lines. The results of five Stark measurements were averaged and yielded a dipole moment of 2.81 ͑10͒ D. The uncertainty reflects a 1 confidence level, and it includes the uncertainty of the calibration. 
D. Structural parameters and harmonic force field
The OBrO ground-state effective structure (r 0 ) can be calculated from any two of the three moments of inertia or the a-and b-planar moments for each of the isotopic species; the latter is given in Table VII . The uncertainties of the rotational constants are very small, so that the structural parameters calculated from any choice of moments for the two isotopomers agree to much better than the quoted figures.
However, the accuracy of the r 0 structural parameters is limited by vibrational effects which lead to different values depending on the choice of moments. The uncertainties ascribed to them in Table VII have been chosen to cover the range of values calculated from any choice of two moments.
The r 0 structure was used for the initial calculation of the harmonic force field, which is described below. The harmonic contributions to the ␣ constants were then derived for 12 The initial r e value is then used to refine the force field, and the procedure is repeated. In this model, ground-state average and equilibrium bond angles are assumed to be equal. It has been shown for Cl 2 O that the ClO bond length calculated according to Eq. ͑8͒ agrees very well with the value determined from equilibrium rotational constants. 15 For OClO, however, the bond length derived from Eq. ͑8͒ is ϳ0.2 pm longer than the one determined from equilibrium rotational constants, and in Table VII it is shown that the equilibrium bond angle is about 0.08°smaller than the ground-state average value. The OBrO equilibrium bond length has been calculated according to Eq. ͑8͒. The bond length and angle have been corrected by assuming similar deviations to those of OClO. The resulting r e structure is given in Table VII ; data for SeO 2 and SO 2 are also included for comparison purposes.
The harmonic force field has been calculated using Christen's program NCA. 35 The input parameters are given in Table VIII . The 3 isotopic shifts were corrected for the differences between gas phase and argon matrix positions, ϳ3.4 cm
Ϫ1
. Harmonic wave numbers were estimated 36 using the OClO values of i / i ϭ1.02, 1.01, and 1.02 for iϭ1, 2, and 3. 37 The ground-state quartic distortion constants and the inertial defect differences for v 2 ϭ1 and 2, obtained in the present study, were also used in the force field calculation. The input data were weighted inversely to the squares of their attributed uncertainties: One-hundred times the experimental values were used for the quartic distortion constants, 1 cm Ϫ1 and 0.3 cm Ϫ1 for the vibrational wave numbers and isotopic shifts, respectively, and three times the experimental uncertainties were used for the inertial defect differences. The resulting force constants are given in Table IX together with values for related molecules. More than 99% of the potential-energy distribution of the vibrational modes is due to f r and f ␣ , respectively. A comparison of the input data with values calculated from the force field is given in Table  VIII .
IV. DISCUSSION
A. Structure, harmonic force field, and dipole moment
It is shown in Table VIII . This is in good agreement with measurements of 317.0 cm Ϫ1 for OBrO isolated in an argon matrix, 9 and with a gas phase value of 317.5Ϯ3 cm Ϫ1 obtained from an analysis of hot bands in the visible OBrO spectrum, 11 and with the relative intensities of the excited state rotational spectra.
The structural parameters agree very well with those from ab initio calculations. These are compared in Table VII. A comparison of the OBrO structure with those of related molecules is given in Table X. The trends observed among the dioxides of Br, Cl, Se, and S show great consistency. In going from the third to the fourth row central atom, the lengthening of the bonds of the molecules in Table X is accompanied by a decrease in the stretching force constants. However, the changes in bond length and strength are not uniform as one proceeds from the singly bonded BrOBr to
OBrO. For the series XOX, XO, and OXO, the bond lengths increase by 14. As can be seen in Table VII , the dipole moment from an ab initio calculation is in good agreement with the present experimental value of 2.81 D. Both are in disagreement with the value of ϳ1.6 D from an electric focusing experiment. 10 The OBrO dipole moment is slightly larger than that of SeO 2 . A similar relationship exists between the dipole moments of OClO and SO 2 .
B. Electron spin-rotation coupling constants
It is shown in Table IV that the electron spin-rotation constants are large, and they are precisely determined. In Table XI BrO. Since the electron spin-rotation constants are proportional to the rotational constants, it is more appropriate to compare values of ⌳ ii e . Despite the differences in bonding between OBrO and OClO, pointed out in the previous section, the ratios of ⌳ aa e and ⌳ bb e are very similar. This is expected for planar radicals with 2 B 1 symmetry in the ground electronic state. 41 Ideally, the cc-components of the spin-rotation tensor should be zero for the planar OBrO and OClO radicals. 41 However, ⌳ cc e is small and negative for both molecules. This fact may be the result of higher-order effects, such as spin polarization or influences of multiple excitations. 41 Since these effects are dominant in determining the value of ⌳ cc e , it should not be surprising that these values do not follow the simple relationships exhibited by the aa and bb components of the OBrO and OClO.
The magnitude of the fine structure constants of radicals can be related to the fine structure intervals A of the atoms involved. 41, 42 The ratio between the 79 Br and 35 Cl atomic fine structure intervals is 4.19. 41, 42 Because only about half of the spin-density is on the X atom for OXO ͑cf. Sec. IV C͒ and because the fine structure interval for 16 O is much smaller than those of 79 Br and 35 Cl, the ratios of ⌳ aa e and ⌳ bb e are about 3.15. For the XO radicals only about one-third of the spin-density is on the halogen atom, 12 the ratio of the spinorbit coupling constants 43 is consequently even smaller, 3.02. In general, the A rotational constant increases markedly upon excitation of the bending mode for a molecule with C 2v symmetry. Although the number of examples is rather limited, among them H 2 47 it appears as if the absolute value of ⑀ aa usually increases as well. 42 However, the magnitude of ⑀ aa decreases upon excitation of 2 for both OBrO and OClO. 18 The second-order expression for ⑀ i j is 41, 48 
where ii denotes the ii component of the inverse inertia tensor, L i is the ith component of the orbital angular momentum, A SO of the molecule is approximated by the average of A SO of the atoms in the molecules weighted according to the spin density at the atoms, and ͉0͘ and ͉n͘ are ground-and excited-state wave functions at energies E 0 and E n , respectively. According to ab initio calculations for OClO E 0 ϪE n decreases with excitation of the bending modes for the three lowest excited electronic states. 49 In order for ⑀ aa of OClO to decrease substantially in magnitude with excitation of the bending mode the numerator of Eq. ͑9͒ has to decrease. An analogous situation can be expected for OBrO.
The series of vibration-rotation interaction terms defined in Eqs. ͑6͒ and ͑7͒, which have been determined for the rotational constants in the bending mode, decrease faster than the analogous series of vibration-rotation interaction constants for the spin-rotation constants for both OBrO and OClO. This is in accord with other C 2v radicals.
The data is of sufficient quality that quartic and even some sextic spin-distortion terms are well determined in the ground vibrational state. The changes upon excitation of the bending mode are of the same order of magnitude as the ground-state constants themselves for the three K-dependent diagonal quartic terms.
Information on the fine and hyperfine structure of a radical can be obtained not only from high-resolution spectroscopy but also from ESR studies. Curl has proposed a relationship between the electron spin-rotation constants ⑀ ii , obtained from high-resolution spectroscopy, and the electronic g values g ii , obtained from ESR experiments:
where the B i are the rotational constants and g e is the g value of the free electron. In most ESR experiments OBrO was obtained by x-ray irradiation of perbromates in perbromate or perchlorate matrices. 6 The results collected in Table  XII show good agreement between the gas-phase constants Table  XII , agree within the quoted figures with the gas-phase measurements.
C. Spin-spin coupling constants
It is shown in Table V that the spin-spin coupling constants and most of their quartic distortion terms have been precisely determined. As is demonstrated in Table XI, BrO molecule. The spin-spin coupling constants are commonly interpreted in terms of spin-density of the unpaired electron in the valence shell of a given nucleus by comparing them with the coupling constants of the atom. 41 52 as expected for a radical. As can be seen in Table V , the constant a F increases upon excitation of the bending mode. Within the model mentioned above, this indicates that the Br 4s character of the unpaired electron increases by about 0.001%. However, the changes in the anisotropic coupling tensor show that the percentages of p y and p z characters decrease by 0.038% and 0.013%, respectively, indicating a net loss of spin-density at the Br atom with excitation of the bending mode. The K dependences of the spin-spin coupling constants are in accord with the observed vibrational changes.
D. Nuclear quadrupole coupling constants
The 79/81
Br isotopic ratios for aa and Ϫ ϭ bb Ϫ cc obtained from the submillimeter spectrum agree very well In spite of the changes in bonding between OBrO and OClO, discussed in the structure and force field section, the relative field gradients at the X nuclei, which are given in Table XIII , are very similar, particularly along the a axis. Small differences occur along the c axis; the relative changes are more pronounced along the b axis because these components are rather small. 53 it was found that the calculated constants are strongly dependent on changes in the bond length, and they are affected to a lesser extent by changes in the bond angle; 162.5 pm and 117.6°were assumed for the OBrO geometry. 53 Using our estimate of r e ϭ164.4 pm and Є e ϭ114.3°and their calculated derivatives of the quadrupole constants, 53 values of 351, 0, and Ϫ351 MHz are obtained, in better agreement with experiment.
E. Nuclear spin-rotation constants
Although the effects of the nuclear spin-rotation coupling are in general very small, the respective spectroscopic constants have been precisely determined for OBrO. The
79/81
Br isotropic ratios of ⌳ ii n ϭC ii /B i agree well with the ratio of the magnetic dipole moments of the Br atoms, as is shown in Table XI . Because the nuclear spin-rotation constants C ii are proportional to the rotational constants B i , one should compare the ratios ⌳ ii n for different molecules involving the same nuclei. The data in Table XIV indicate that the Br spin-rotation constants are strongly effected by the electro-negativity of the element to which the Br atom is bonded and that the influence of the electronic state of the molecule is less pronounced.
Endo et al. have proposed a relationship between the electronic and nuclear spin-rotation coupling constants to estimate the order of magnitude of the latter: 59 ͉C gg /⑀ gg ͉ϭ͉a/A SO ͉, ͑11͒
with A SO ϭ1312 cm Ϫ1 the average of A SO ͑Br͒ and A SO ͑O͒ weighted according to the spin-density determined in Sec.
IV C and aϭg e ␤g N ␤ N ͗0͉r Ϫ3 ͉n͘ approximated by 5/4T cc ϭ977 MHz. The experimental values for O 79 BrO and those calculated from Eq. ͑11͒ are compared in Table XV . Although in the present case the C ii are larger than predicted, it appears that Eq. ͑11͒ is quite useful in indicating when the nuclear spin-rotation constants need to be considered in fitting spectra.
V. CONCLUSION
The present study of the rotational spectrum of OBrO has provided information on its molecular and electronic structure as well as an insight into its bonding. In general, OBrO fits well in the series of related compounds, such as OClO, SeO 2 , and SO 2 . The tendency of fourth row elements to form weaker double bonds than their third row counterparts is apparent in the relatively longer and weaker bond in OBrO compared to OClO. However, the fine and hyperfine constants indicate little change in either the electron density or the angular distribution at the halogen atom. These facts indicate that, even though the population of the -bonding orbitals may be similar, the overlap of the 4 p orbital on Br with the 2 p orbital on the O atom leads to a weaker bond than the overlap of the 3p orbital on Cl with the 2p orbital on the O atom. This is in agreement with the more general view that the tendency to form double bonds strongly decreases from the lighter to the heavier members of an element group.
The derived spectroscopic constants of OBrO allow precise predictions of its rotational spectrum well into the submillimeter region. In addition, these constants should be helpful in analyzing the rovibrational spectra of OBrO, particularly for the bending mode and its overtones. 
